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Nondestructive Monitoring of Flaw Growth in Graphite/Epoxy
Laminates Under Spectrum Fatigue Loading
Abstract
Ultrasonic and acoustic emission techniques were used to monitor flaw growth in graphite/epoxy laminates
containing four types of initial flaws and subjected to fully reversed spectrum fatigue loading, including
temperature and moisture variations. In general, it was found that flaw growth was much more pronounced in
the specimens exposed to environmental fluctuations in addition to the load spectrum, than in those tested in
an ambient environmenc. Flaw growth was also greater in specimens of [(0/+45/90)s)2 layup than in those of
[02/+45]2s layup. No significant reduction in residual tensile strength (in general less than ten percent) was
observed for any of these groups of specimens.
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NONDESTRUCTIVE MONITORING OF FLAW GROWTH 
IN GRAPHITE/EPOXY LAMINATES UNDER SPECTRUM 
FATIGUE LOADING 
I.M. Daniel and S.W. Schramm 
IIT Research Institute 
Chicago, Illinois 60616 
and 
T. Liber 
Travenol Laboratories 
Round Lake, Illinois 60073 
ABSTRACT 
Ultrasonic and acoustic emission techniques were used to monitor flaw growth in 
graphite/epoxy laminates containing four types of initial flaws and subjected to fully 
reversed spectrum fatigue loading, including temperature and moisture variations. In 
general, it was found that flaw growth was much more pronounced in the specimens exposed 
to environmental fluctuations in addition to the load spectrum, than in those tested in 
an ambient environmenc. Flaw growth was also greater in specimens of [(0/+45/90)s)2 
layup than in those of [02/+45]2s layup. No significant reduction in residual tensile 
strength (in general less than ten percent) was observed for any of these groups of 
specimens. 
EXPERIMENTAL PROCEDURE 
Specimens - The specimens were graphite/ 
epoxy (AS350l-5A) coupons of [(0/±45/90)sl2 
and [02/+4512s layups. The initial flaws 
investigated were: (1) circular hole, (2) 
embedded film patch, (3) internal ply gap 
and (4) surface scratches (Fig. 1) The 
specimen gage section was 5 p8 em (2 in.) 
long and 3.81 em (1.5 in.) wide. 
Loading- The specimens, three of each flaw 
type and layup, were preconditioned by 
exposing them to 21 days of 347 degK 
(165°F) temperature at a relative humidity 
of 98 percent in an environmental chamber, 
during which time theY absorbed 1.29 + 
0.05 percent by weight moisture. The-load 
spectrum consisted of 127,500 cycles of 
tension-compression at various levels of 
peak stress per lifetime. At a cycling 
frequency of 3 Hz this was accomplished in 
approximately 12 hours. Two series of 
tests were conducted, one with the load 
spectrum above at an ambient environment 
and the other with the same load spectrum 
but including environmental fluctuations 
of 219 degK (-65°F) to 406 degK (270°F) in 
temperature and up to 95 percent in 
relative humidity. Each lifetime was 
segmented into various co~inations of load 
peaks and temperature and humidity levels. 
Stress cycling was applied to a chain 
of five specimens at a time by means of an 
electrohydraulic closed loop system. The 
maximum cyclic stress was 161 MPa (23 ksi) 
for the [(0/+45/90)sl2 graphite/epoxy 
specimens ana 223 MPa (32 ksi) for the 
[02/±45l2s specimens. 
Nondestructive Monitoring - A number of 
acoustic emission-transducers were mounted 
on the speGimens in the fatigue loading 
chain and cumulative counts and count rate 
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were selectively monitored and recorded. 
This continuous acoustic emission monitor-
ing was done to complement the ultrasonic 
monitoring which was done only at specified 
intervals. At intervals corresponding to 
each half lifetime of loading the specimens 
were removed from the fatigue machine and 
inspected ultrasonically. Immersion ultra-
sonic techniques were used using a 5 MHz 
broad band focused transducer. The speci-
mens were tested up to a maximum of four 
lifetimes. The various C-scans obtained 
for each specimen were combined into maps 
illustrating the progressive flaw growth. 
Residual Strength - Following the fatigue 
loading above and the ultrasonic monitoring, 
the specimens were tested statically in 
tension to failure .to determine their 
residual strength and thus assess the 
criticality of the various flaws. 
RESULTS 
Flaw growth maps obtained for speci-
mens with the four types of initial flaws 
discussed before for two layups and two 
environmental spectra are shown in Figs. 2-
5. In general, it was found that flaw 
growth was much more pronounced in the 
specimens exposed to environmental 
fluctuations in addition to the load 
spectrum, than in those tested in an 
ambient environment. More extensive flaw 
growth was observed at one to two lifetimes 
in the former group than at four lifetimes 
in the group tested at ambient environment. 
In general, flaw growth was greater in 
specimens of [(0/+45/90)s]2 layup than in 
those of [02/±45]z5 layup with some 
exceptions in the environmentally cycled 
specimens. In the case of specimens with 
circular holes delaminations grow around 
the hole boundary in the early stages of 
load cycling (one to two lifetimes) but no 
further growth is seen thereafter, with 
two exceptions in the environmentally 
cycled specimens which showed early 
extensive delaminations throughout the 
specimen. In the specimens with embedded 
patches initial delaminations were present 
throughout. These grew with the number of 
load cycles and additional ones developed 
throughout the specimens. Specimens with 
internal ply gaps, especially those of 
[Oz/+45lzs layup showed the least amount 
of fiaw growth. Specimens with surface 
scratches developed the most extensive 
delaminations, but mostly localized on the 
surface or near surface plies. 
Acoustic emission count rates follow 
the same trends as the loading spectrum 
with an overall trend for higher average 
count rates with increasing time (lifetime~ 
of fatigue loading (Fig. 6). In this 
respect there seems to be some correlation 
between acoustic emission count rate and 
flaw size as detected by ultrasonic 
scanning. 
No significant reduction in residual 
tensile strength (in general less than ten 
percent) was observed for any of these 
groups of specimens. This may be due to 
the relatively low fatigue loads and to the 
fact that the resulting delaminations are 
not critical under the subsequent static 
tensile loading. 
CONCLUSIONS 
1. Flaw growth is greater in specimens of 
[(0/±45/90)sl2 layup than in those of 
[Oz/±45lzs layup. 
2. Flaw growth is more pronounced in 
specimens exposed to environmental 
fluctuations than those tested in an 
ambient environment. 
3. Delaminations around holes occur 
mostly in the initial stages (one to 
two lifetimes) with no further growth 
thereafter. 
4. Delaminations in specimens with 
embedded patches extend throughout 
the specimen. 
5. Specimens with internal ply gaps, 
especially those of [Oz/+45lzs 
layup, show the·least amount of 
flaw growth. 
6. Specimens with surface scratches 
develop the most extensive delamina-
tions, but mostly localized on the 
surface or near surface plies. 
7. No significant reduction in residual 
strength was observed for any group 
of specimens. 
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Fig. 6 Acoustic Emission and Corresponding Load Spectrum as a Function of Elapsed Time for Graphite/Epoxy 
Specimens with Holes. (a) [(0/±45/90)s]z Specimen, (b) [Oz/±45]zs Specimen (time increases from 
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